Abstract-The cooling of steel containers in radioactive-waste storage was simulated in a step-by-step experiment from 90 to 40ºC. Among newly formed clay minerals observed in run products, cronstedtite was identified by a number of analytical techniques (powder X-ray diffraction, transmission electron microscopy, and scanning electron microscopy). Cronstedtite has not previously been recognized to be so abundant and so well crystallized in an ironÀclay interaction experiment. The supersaturation of experimental solutions with respect to cronstedtite was due to the availability of Fe and Si in solution, as a result of the dissolution of iron metal powder, quartz, and minor amounts of other silicates. Cronstedtite crystals are characterized by various morphologies: pyramidal (truncated or not) with a triangular base and conical with a rounded or hexagonal cross-section. The pyramidal crystals occur more frequently and their polytypes (2M 1 , 1M, 3T) were identified by selected area electron diffraction patterns and by automated diffraction tomography. Cronstedtite is stable within the 90À60ºC temperature range. At temperatures of 450ºC, the cronstedite crystals showed evidence of alteration.
INTRODUCTION
The present study presents a multi-technique characterization of cronstedtite crystals formed from an original experimental procedure on ironÀclay interactions. The choice of this experiment was driven by the need to evaluate the effects of a progressive decrease in temperature expected during the cooling of nuclearwaste containers. Firstly, a mineralogical assemblage was obtained after heating at 90ºC an iron-clay mixture. The retrograde evolution was then simulated by a stepby-step cooling experiment between 90 and 40ºC. For the first time, single crystals of well crystallized cronstedtite were observed in run products and characterized accurately. The temperature-stability domain of cronstedtite was estimated on the basis of experimental evidence (occurrence and instability of crystals) and compared to literature data. Such detailed mineralogical characterization of the newly formed cronstedtite will be useful in improving databases of thermodynamic models.
BACKGROUND
Cronstedtite is a T-O or 1:1 phyllosilicate, with a general formula (Fe 2+ 3Àx Fe 3+ x )(Si 2Àx Fe 3+ x )O 5 (OH) 4 , with 0 < x < 0.8 (Geiger et al., 1983; Smrčok et al., 1994; Hybler et al., 2000 Hybler et al., , 2002 Kogure et al., 2002) , close to the initial ideal formula (Fe 2+ 2 Fe 3+ )(SiFe 3+ )O 5 (OH) 4 proposed by Hendricks (1939) . Chemical analyses of cronstedtite also show that the octahedrally coordinated iron can be replaced by other cations such as Mg 2+ , Mn 2+ , and Al 3+ (Frondel, 1962; Geiger et al., 1983) and that the tetrahedral sites can also contain Al 3+ (Geiger et al., 1983; Hybler et al., 2002) . Cronstedtite forms a solid s o l u t i o n w i t h g r e e n a l i t e ( F e 2 + , F e 3 + , M g , & ) 3 (Si,Al) 2 O 5 (OH) 4 (Guggenheim et al., 1982) , another Fe-rich layer silicate, from which it differs by the presence of ferric iron in tetrahedral coordination.
Like other trioctahedral T-O phyllosilicates, the standard polytypes of cronstedtite can be classified into four subfamilies, identical to Bailey's (1969) groups: A (1M, 2M 1 , 3T polytypes), B (2O, 2M 2 , 6H), C (1T, 2T, 3R), and D (2H 1 , 2H 2 , 6R), on the basis of the interlayer shift and of the rotation between succeeding layers (Bailey, 1969) . In the Order-Disorder theory (Dornberger-Schiff and Ď urovič, 1975) , these polytypes are defined as MDO polytypes (Maximum Degree Order). Among them, only eight polytypes have been reported for cronstedtite in the literature (Table 1) : 1T, 1M, 2H 1 , 2H 2 , 2M 1 , 2T, 3T, and 6R Nuttall, 1963, 1964) . One non-standard or non-MDO polytype was found by Frondel (1962) in a cronstedtite sample from the Cornucopia mine (Nye Country, Nevada, USA) and was given the Ramsdell symbol 9R.
In terrestrial environments, cronstedtite was found in sulfide veins as a low-temperature hydrothermal mineral, associated with siderite, pyrite, sphalerite, and quartz (Frondel, 1962) and also in metamorphosed massive sulfide deposits (Ló pez-García et al., 1992) . In Australian banded-iron formations of lower metamorphic grade, Gole (1980a Gole ( , 1980b reported the coexistence of greenalite with another mineral that he identified as probable cronstedtite. Cronstedtite also occurs in carbonaceous chondrites both in fine-grained rims and matrices as a product of aqueous alteration on the parent body (Mü ller et al., 1979; Barber, 1981; Burbine and Burns, 1994; Browning et al., 1996; Lauretta et al., 2000; Zega and Buseck, 2003; Miyahara et al., 2008) .
A small number of experimental works reported the formation of T-O Fe-rich minerals of the serpentine group. Odinite (R 3+ ,R 2+ ,&) 3 (Si 2-x Al x )O 5 (OH) 4 and hexagonal crystals of cronstedtite as run products from the interaction of dioctahedral smectites with iron metal at 80ºC were reported by Lantenois (2003) , Lantenois et al. (2005) , and Lanson et al. (2012) . Under similar experimental conditions, Fe-rich T-O phyllosilicates were described as ''berthierine type'' phases with the general formula (R 2+ ,R 3+ ,&) 3 (Si 2Àx , Al x )O 5 (OH) 4 (Brindley, 1982) or ''Fe-rich 7 Å clays'' or ''serpentine-like minerals'' (Wilson et al., 2006; Perronnet et al., 2007; Mosser-Ruck et al., 2010; Jodin-Caumon et al., 2010 de Combarieu et al., 2011; Rivard et al., 2013) , sometimes close to the greenalite end-member (Pierron, 2011) . The numerous designations of lowtemperature Fe-rich phyllosilicates found in the literature were explained by the difficulty in identifying the phases. They often appeared as highly disordered or nanocrystalline phases (Schlegel et al., 2008) , or as small crystals associated with Si-Al-Fe gels (Perronnet et al., 2008) , and can coexist with other Fe-rich phases in experimental run products.
MATERIALS AND METHODS

Starting material
The starting clay-rich rock used in the present experiments is a claystone from the Callovo-Oxfordian formation (denoted as COx) of the Paris Basin, a formation investigated for future waste storage in the underground research laboratory (URL) at the Meuse/ Haute-Marne site of Bure (France). The claystone contains, on average, 41% clay minerals (illite and mixed-layer illite-smectite being the predominant clay minerals, and minor amounts of kaolinite and chlorite), 25% quartz, 31% carbonates (calcite and minor dolomite), and the remaining 3% consist of pyrite, phosphates, K-feldspar, and organic matter (Rousset, 2002; Gaucher et al., 2004) .
The starting products (experimental solutions and clays) were prepared under inert argon atmosphere using a solution of 0.0207 mol/kgw NaCl and 0.0038 mol/kgw CaCl 2 (pH = 6.4) and 1 g of claystone ground in a mortar to obtain a liquid/solid mass ratio of 10. Metal iron was added to the system as a powder (500 mg; average grain size~40 mm) and as two plates with dimensions of nearly 3 mm66 mm61 mm (iron powder/COx mass ratio of 0.5). The starting mixture was divided into seven parts with each one placed into a Parr1 non-stirred pressure vessel made of Teflon1, with a capacity of ~20 mL. These vessels were heated in a furnace at 90(Ô2)ºC for 6 months and then the temperature was decreased every month in steps of 10ºC until it reached 40ºC. At each of the selected cooling temperatures, a vessel was removed from the oven. After quenching and opening of each vessel, the solid run products were dried under an argon flux at room temperature.
ManoCalcimeter
Quantitative analysis of carbonates was performed in the Museum National d'Histoire Naturelle (MNHN), Paris, using a Mélières manoCalcimeter (MCM) on 200 mg of bulk-rock sample powder (see Ledésert et al., 2009) . The MCM uses a 'Karbonat-Bombe' which is a simple apparatus consisting of a glass flask and a highprecision manometer (Dunn, 1980) . The method gives a direct measurement of carbonates in rocks containing only calcite or aragonite (CaCO 3 ). The MCM is built to give a 100 mg value when 1 millimole of CO 2 is emitted during chemical attack on 100 mg (# 1 millimole) of CaCO 3 by 8 N hydrochloric acid. Nevertheless, the molecular weight of carbonates varying with their chemical composition and 100 mg of pure dolomite, for example, provokes the emission of 1.085 millimole of CO 2 . As a consequence, the values read on the MCM must be corrected as a function of the amount of the different carbonates identified by X-ray diffraction (XRD). Calibration was performed using pure calcite crystals; the uncertainty precision was~0.5 wt.%.
X-ray diffraction
The XRD data were collected at room temperature with a D8 Bruker diffractometer, using CoKa radiation (l = 1.7902 Å ), 35 kV accelerating voltage, and 45 mA beam intensity. The Bruker DIFFRAC plus package was used for data acquisition and analysis.
The XRD patterns of randomly oriented powders were obtained using a scan step of 0.035º2y and an exposure time of 3 s per step over a range of 3À54º2y.
Scanning electron microscopy (SEM)
The secondary electron (SE) and backscattered electron (BSE) images of the cronstedtite crystals were obtained with an accelerating voltage of 15 kV using a cold-field emission gun (FEG) Hitachi S-4800. The lateral resolution of the FEG-SEM was~1 nm for SE images. The crystals of cronstedtite analysed were collected on the iron plates, deposited on the carbon adhesive sticks, and then coated with carbon. Energy dispersive X-ray (EDX) spectra were recorded to identify the chemical elements present in the crystals.
Transmission electron microscopy (TEM) and EDX spectroscopy
The TEM images and EDX analyses were recorded at 200 kV using a Philips CM20 microscope with a point resolution of 0.27 nm equipped with Si-Li detector. The TEM specimens were prepared by dispersing the <2 mm fraction powders in ethanol under ultrasonic treatment and evaporating a drop of the suspension on a carbon network-like holey support film placed on a 200 mesh copper grid (Euromedex-Mundolcheim, France). The chemical composition of the run products was determined using EDX spectroscopy. The EDX spectra were recorded using a PGT spectrometer with an ultrathin window X-ray detector. The analyses were carried out in nanoprobe mode with a probe diameter of 10 nm using K AB determined from clay standards with a similar thickness.
Selected area electron diffraction (SAED) patterns were recorded at 120 kV using a Philips CM120 microscope with a Digistar Nanomegas CCD camera.
Automated electron diffraction tomography (ADT)
3D electron diffraction data were also collected using a Tecnai F30 S-Twin microscope operating at 300 kV. Powdered sample (<2 mm fraction) was dispersed in ethanol, sonified, and sprayed onto a carbon-coated copper grid by a UIS250v Hielscher sonifier, according to the procedure described by Mugnaioli et al. (2009) . Data collection was carried out by a combination of automated diffraction tomography (ADT) and precession electron diffraction (PED) (Kolb et al., 2007 (Kolb et al., , 2008 Mugnaioli et al., 2009) . Nano-electron diffraction patterns were collected in steps of 1º in a tilt range up to À60/+60º. Data processing, 3D reciprocal space reconstruction, and cell-parameter determination were performed using ADT3D software.
Analysis of solutions
The pH of each run solution was measured with a combination of a silver/sulfide electrode in a glove box after cooling at room temperature and 0.025 mm filtration. The electrode was calibrated using reference buffer solutions, certified by the PhysikalischTechnische Bundesanstalt (PTB, Germany) and the National Institute of Standards and Technology (NIST, USA), with pH 4, 7, and 10. The run solutions were diluted ten times in 2 vol.% HNO 3 and analyzed by inductively coupled plasma optical emission spectroscopy (ICP-OES) at LIMOS laboratory to determine the concentration of dissolved Si and Fe.
RESULTS
ManoCalcimeter and X-ray diffraction
The XRD patterns (Figure 1 ) of untreated mixed ironCOx sample and run samples revealed that the calcite reflection at 3.03 Å was unchanged in the 90 to 40ºC patterns, indicating that this mineral is unaffected by the cooling. As the manoCalcimeter results confirmed that the calcite content was constant (10Ô1 wt.%) in all samples, the XRD patterns were normalized to the calcite reflection (34.36º2y). The intensities of quartz, Vol. 61, No. 4, 2013 Cronstedtite synthesisiron metal, and T-O-T phyllosilicate (mica and illite) reflections decrease with decreasing temperature whereas the intensities of magnetite and 7 Å phyllosilicate reflections increase. This indicates a strong dissolution of quartz and iron metal (>70% for both phases) and partial destruction of T-O-T phyllosilicate layers. These XRD results highlight the increase in the amount of 7 Å clays in run products but fail to enable the accurate distinction of different T-O minerals because of their similar d hkl .values.
Scanning electron microscopy
The SEM analyses showed that the dominant 7 Å clays obtained in the 90ºC experiment were iron-rich and had different morphologies (Figure 2 ). Pyramidal (truncated or not) crystals with a triangular base and conical crystals were observed. The latter have rounded or hexagonal cross-sections (Figure 2a,b) . The different morphologies coexisted down to temperatures of 70ºC ( Figure 2c,d) ; at lower temperatures, the pyramidal morphology became dominant (Figure 2e,f) .
Transmission electron microscopy EDX analyses. The EDX analyses were performed on isolated particles of the <2 mm fraction powders. From the EDX results, structural formulae were calculated on the basis of seven oxygens, and the Fe 3+ /Fe 2+ ratio was adjusted to set the occupancy of the octahedral sites to 3. The compositions (expressed as a.p.f.u., i.e. atoms per formula unit) of 28 pyramidal crystals and five conical crystals formed at 90 and 80ºC are reported in Tables 2  and 3 The difference in the chemistry of the crystals with respect to their morphology is not significant considering the standard deviation (Tables 2, 3 ). The Si deficit and the presence of ferric iron in the tetrahedral sites are consistent with these two types of crystals both being cronstedtite.
TEM imaging. The TEM images showed that the greater crystallinity of the newly formed iron-rich clays was observed in the 70 and 60ºC run products (Figure 3 ) and also that this mineral became unstable at temperatures of 450ºC, as demonstrated by alteration of its faces (Figure 4 ). At 40ºC, very rare relict crystals of altered cronstedtite were still observed.
SAED patterns and ADT/PED investigations: determination of cronstedtite polytypes
Because of their great abundance in the run product, pyramidal cronstedtites formed during the 70ºC experiment were chosen to identify their MDO polytypes following the procedure described by Ď urovič (1981) . According to the Order-Disorder (OD) theory (Dornberger-Schiff, 1956 , 1964 , 1966 , 1979 , the superposition vectors and rotations (of almost identical 1:1 layers) needed to obtain the four possible subfamily structures are as follows: Ôa i /3 for subfamily A; Ôb/3 or zero for subfamily C; and Ôa i /3 and Ôb/3 or zero, combined with 180º rotation, for subfamilies B and D (Dornberger-Schiff, 1964; Bailey, 1969) . The a i and b are hexagonal and orthohexagonal unit-cell vectors, respectively.
It follows that the subfamily sublattice corresponding to the Fourier transform of subfamily structure is formed by reflections with k = 3n (in orthohexagonal indexing, or h-k = 3n in hexagonal indexing). These reflections are common to all polytypes belonging to the same subfamily and are consequently referred to as 'subfamily reflections.' Whereas the reflections having k = 3n (in orthohexagonal indexing, or hÀk = 3n in hexagonal indexing) are typical of each polytype and are said to be 'non-family' or 'polytype reflections.' Diffraction patterns of two orthogonal reciprocal lattice sections are usually sufficient to identify an MDO polytype: the diffraction pattern of (h0l)* (hhl in hexagonal indexing) containing the subfamily reflections enabled the determination of the subfamily and the diffraction pattern from (0kl)*(hhl in hexagonal indexing), containing both subfamily and polytype reflection useful in identifying the polytype (Ď urovič, 1997) . In non-trigonal and nonhexagonal poytypes, however, the diffraction pattern of the (0kl)* plane is different from that of (h0l)*, because they are not symmetry equivalent (Ď urovič, pers. comm.). In order to determine such polytypes with certainty, the (0kl)* planes should be recorded and checked also.
The distribution of spots on experimental electron diffraction 2D patterns were compared with the identification diagrams for MDO polytypes of cronstedtite described in the literature (Ď urovič, 1997; Hybler et al., 2008) , and with diffraction patterns calculated theoretically with the aid of the DIFK91 program (Smrčok and Weiss, 1993) .
The SAED patterns of several pyramidal cronstedtites indicated that they are all 1M polytypes. The spot distribution along the 11l reciprocal lattice row on the (hhl hex )* plane indicates that these crystals belong to subfamily A (Bailey's group) ( Figure 5) . Moreover, the spot distribution on (h0l hex )* and (0kl hex )* planes corresponds to MDO groups II and I, respectively ( Figure 6 ). Both are in agreement with theoretically calculated patterns. The 1M cronstedtite polytype is very rare and generally occurs intergrown with the 3T polytype and is strongly disordered (Ď urovič, 1997) .
Three ADT data sets were collected on different crystals and reconstructed in 3D diffraction volumes. The first acquisition, from a well shaped pyramidal crystal (Figure 7a ), showed diffuse scattering along c* for both h0l hex and hhl hex reflections, so that no polytypic identification could be made (Figure 7b ). The second acquisition was from a pyramidal crystal, where two corners were truncated and one not (Figure 8a ). Remarkably the corner not truncated was characterized by diffuse disorder, while the rest of the crystal delivered a mostly coherent diffraction consistent with the subfamily A and with MDO group III, i.e. the 2M 1 polytype (Figure 8bÀd ). The cell is C-centered monoclinic with parameters a = 5.5 Å , b = 9.6 Å , c = 14.4 Å , b = 97.4º. Systematic absences of reflections h0l with l = 2n suggested the presence of a glide plane c perpendicular to the b axis. This is in agreement with the space group Cc found by Steadman and Nuttall (1964) for this polytype. Worth noting is that the 2M 1 polytype of cronstedtite is also very rare in nature (Ď urovič, 1997) . The presence of diffuse scattering along c* further testifies to a certain degree of disorder even in the most ordered parts of the crystal.
The third acquisition highlighted the presence of another polytype belonging to subfamily A and MDO group IV, i.e. 3T polytype (Figure 9aÀb ). The cell is hexagonal with parameters a = 5.5 Å and c = 21.4 Å . The intensity distribution suggests a trigonal symmetry (Laue class P3 or P3 1m), consistent with the space group P3 1 reported in the literature (Steadman and Nuttall, 1963; Smrčok et al., 1994) .
Solution chemistry
The characterization of the run solutions showed that the mean pH value was 7.47Ô0.16 and that the Si concentration varied between 7 and 11 ppm as a function of the temperature in the experiments (Figure 10 ). The quartz solubility at each run temperature was calculated using the PHREEQC geochemical software package V2.17 (Parkhurst and Appelo, 1999) and the associated LLNL database (Johnson et al., 2000) . The Si concentration was under the quartz solubility curve in the run solution of experiments carried out in the temperature range of 90À60ºC, whereas at 50ºC the Si concentration was on the quartz solubility curve. Finally, the Si concentration increased slightly in the last run solution (40ºC). The Fe concentration in the experimental solutions was very low (<1 ppm) or below the detection limit.
DISCUSSION AND CONCLUSIONS
The significant decrease in the intensity of the quartz, T-O-T phyllosilicates, and iron metal XRD reflections indicates that these phases were dissolved, releasing Si and Fe into the experimental solutions. The dissolution of quartz was confirmed by the Si concentration, measured in the run solutions, which was less than that at equilibrium with quartz between 90 and 60ºC ( Figure 10 ). Over that temperature range, cronstedtite was formed together with other 7 Å clay minerals. As the iron content in the run solutions was <1 ppm or below the detection limit (<5 ppb), all of the iron must have been incorporated into the newly formed minerals (cronstedtite, magnetite, and other Fe-rich silicates). At temperatures of 50 and 40ºC, the Si content measured was equal to or greater than that at equilibrium with quartz, preventing the precipitation of cronstedtite. Using the step-by-step cooling procedure presented here, the stability range of cronstedtite with respect to temperature was established. Between 90 and 60ºC, cronstedtite appeared to be stable; 50ºC was the lower limit of cronstedtite stability, as confirmed by crystal alteration (see the results section). The upper limit was 590ºC but cannot be determined accurately. No cronstedtite was observed in similar experiments carried out on the same claystone (COx) at the higher temperatures of 150 and 300ºC (Pierron, 2011) .
The cooling experiments from 90 to 60ºC favored the development of crystals with pyramidal (truncated or not) morphologies and enhanced crystallinity. Pyramidal crystals analyzed by TEM showed different polytypic sequences and various degrees of disorder. The polytypes identified, all belonging to the subfamily A, are 2M 1 and 1M together with 3T. According to Hybler et al. (2008) , these two monoclinic polytypes are very rare whereas the 3T polytype is relatively abundant in nature. The mean formula for pyramidal polytypes is in good agreement with that reported by Kogure et al. (2002) for cronstedtite of subfamily A, even if the crystals in the present study contain small amounts of Al and Mg (Table 2) . Conical crystals of cronstedtite co-occurred with pyramidal crystals only in the 90 and 80ºC experiments. The coexistence of these two different morphologies may be due to changes in the degree of supersaturation during growth. When the supersaturation decreased, the crystals took on a polyhedral habit bounded by flat faces (Sunagawa, 2005) , changing the morphology from conical to pyramidal. In accordance with the literature, the conical crystals may well be cronstedtite polytypes belonging to the C or D subfamilies (Frondel, 1962; Kogure et al., 2001; . The co-occurrence of one of these two subfamilies with the subfamily A was observed (C + A or D + A subfamilies) by Hybler et al. (2008) . A detailed study of the conical crystals is currently under development and will be the subject of a future publication. 
Comparison with cronstedtite from chondrites
Several studies of the formation conditions of cronstedtite were carried out on carbonaceous chondrites in which this mineral is the dominant component (Dyl et al., 2010) . Cronstedtite crystals in meteorites are often small and platy, and characterized by high degrees of stacking disorder (Mü ller et al., 1979; Lauretta et al., 2000; Zega and Buseck, 2003) , making the identification of their polytypes difficult. Nevertheless, Mü ller et al. (1979) and Zega and Buseck (2003) found mostly 1T polytype; Mü ller et al. (1979) reported that the second, more frequent polytype is 1M. Even if the conditions of cronstedtite formation in meteorites are close to those of the present experiments (presence of metallic Fe, neutral-alkaline solution, reducing conditions), the 1T polytype was not observed in the run products of the present experiments. Mass-transfer and reaction-path calculations simulating aqueous alteration in chondrites suggest that the upper limit of cronstedtite stability is 90À100ºC (Schulte and Shock, 2004; McAlister and Kettler, 2008) . These calculations were carried under the hypothesis that the activity of silica in solution is close to quartz saturation; the chemical data obtained from the present experimental solutions disagree and indicate that the aqueous silica activity is below the level of quartz saturation between 90 and 70ºC.
Comparison with run products in similar experimental conditions
The results presented indicate that the occurrence of cronstedtite is restricted to the 90À50ºC temperature domain. At 90ºC, in the 6 months experiment, cronstedtite was not as abundant and its degree of crystallinity was low. Is this a kinetic or temperature effect? To answer this question, the results were compared with those of similar experiments carried out on the same starting materials. Rivard (2011) and Pierron (2011) used the same claystone (COx of the Meuse/HauteMarne site of Bure) at 90ºC for 9 months but employed slightly different liquid/solid mass ratios (20 and 10, respectively) and iron powder/COx mass ratios (0.2 and 0.1 or 1, respectively). Those authors observed the crystallization of iron-rich T-O clays with a composition between those of odinite, berthierine, and greenalite ( Figure 11 ). No cronstedtite was reported by those authors. The results seem to confirm that the formation of cronstedtite is strongly favored by a lower temperature range, and maybe by a temperature decrease.
CONCLUSIONS
In clay formations which may host deep geological radioactive waste disposal, a first increase in temperature to 90ºC close to the containers followed by cooling is expected. The present experiments simulated the mineralogical evolution of the iron-clay system around the steel containers during cooling between 90 and 40ºC. They showed that the composition of Fe-rich T-O clays stable at 90ºC (close to odinite, greenalite, or berthierine) will evolve toward cronstedtite during cooling. This result has to be taken into account in the understanding of complex interaction in glass-iron-clay systems. (2011) (Kogure et al., 2002) .
